Arrhythmias which last for only a few cycles or exhibit activation sequences that change from cycle to cycle may occur during the intraoperative study of ventricular tachyarrhythmias. To map these transient, varying arrhythmias requires recording from numerous sites simultaneously, which cannot be done with a single, hand-held electrode probe. Therefore, a computerized method was developed to record potentials simultaneously from up to 27 electrodes and to display epicardial and transmural activation sequences rapidly.
SUMMARY Arrhythmias which last for only a few cycles or exhibit activation sequences that change from cycle to cycle may occur during the intraoperative study of ventricular tachyarrhythmias. To map these transient, varying arrhythmias requires recording from numerous sites simultaneously, which cannot be done with a single, hand-held electrode probe. Therefore, a computerized method was developed to record potentials simultaneously from up to 27 electrodes and to display epicardial and transmural activation sequences rapidly.
Three arrays of electrodes are used. The electrodes of the first array are distributed over the epicardium of both ventricles and fixed within a flexible nylon mesh sock. The electrodes of the second array form a 3-cmsquare grid and are used to obtain a more detailed activation map of a small region of epicardium. The electrodes of the third array are spaced along the shafts of needles that are inserted through the myocardium to record transmural activation. The potentials recorded from an array of electrodes and the computer-selected activation times at the electrodes are displayed for visual inspection after which a map of activation is drawn. The activation sequence of a single cycle can be displayed 10 minutes after recording the potentials. The activation map obtained from the sock array determines the placement of the grid array; the map resulting from the grid array determines the placement of the needle array. Thus, the region responsible for initiating an arrhythmia can be determined if the arrhythmia can be induced three or more times.
SUCCESSFUL SURGICAL TREATMENT of patients with recurrent arrhythmias secondary to Wolff-Parkinson-White (WPW) syndrome' offers encouragement that other life-threatening arrhythmias, such as ventricular tachycardia,2 4 can also be treated surgically by identifying and ablating the arrhythmogenic region. However, the methods currently used to map electrical activation on the ventricular epicardium in patients with WPW syndrome are not adequate for the study of all types of arrhythmias.
In patients with WPW syndrome, the sequence of epicardial activation during sinus rhythm is mapped with a single, hand-held probe containing a bipolar electrode in its tip.' The electrode is held against numerous sites on the epicardium in sequence. The time of local activation at each site is measured relative to the activation time of a fixed site using a reference electrode sewn onto the ventricular epicardium. The region of preexcitation is identified in this manner and is used to estimate the location of the accessory pathway.
Since activation is reproducible during normal sinus rhythm, the activation sequence can be constructed in patients with WPW syndrome by recording the electrical activity at all epicardial sites during several hundred heart beats. However, several types of arrhythmias other than those associated with WPW syndromee.g., one in which the sequence of activation changes from cycle to cyclecannot be adequately mapped with a single, movable electrode but instead require that all electrode sites be recorded simultaneously. Even if the activation sequence is stable, it may be possible to induce the arrhythmia for only a few beats before it spontaneously reverts to normal sinus rhythm or lapses into ventricular fibrillation. In addition, it is possible that only the beat immediately before or after the induction of an arrhythmia contains the information necessary to understand the genesis of the arrhythmia. For these reasons, a system for recording from many epicardial sites simultaneously is needed to assure that the data necessary to characterize complex ventricular arrhythmias intraoperatively can be obtained and analyzed within the time constraints dictated by the arrhythmia and the operative procedure. We have developed a method for rapidly applying up to 27 electrodes to the epicardium of the ventricles, and recording potentials from these sites simultaneously and continuously on magnetic tape.5 This paper describes a computerized method for examining these potentials, for identifying activation times at each electrode, and for displaying the activation data in several different forms. To demonstrate the utility of these displays, we illustrated the method with examples obtained from two infarcted dog hearts in which arrhythmias were induced by programmed premature ventricular stimulation. ' 7 Materials and Methods Potentials are recorded simultaneously on analog tape from one of three different arrays of unipolar or bipolar electrodes: 1) 27 individual electrodes distributed over the entire epicardium, 25 of which are held in place by a mesh sock, 2) 25 epicardial electrodes closely spaced to form a 3-cm-square grid, or 3) 25 intramural electrodes contained within needles plunged through the myocardium. Up to 38 seconds of the recorded potentials for all electrodes are digitized and stored on a computer disk. The potentials on the disk obtained from any two of the electrodes are displayed on a computer terminal. From this display, the computer operator can select a window ranging from one to 25 consecutive heart beats for analysis. For each electrode, the times of local activation detected by the computer as well as the potentials throughout the window are plotted on the terminal to allow visual inspection, verification and, if necessary, modification by the operator.
The activation times at all electrode sites are plotted versus time on a single graph. For epicardial electrodes, this graph is used by the operator to select particular beats whose activation sequences are to be displayed as isochronic maps. Also, the potentials for any millisecond of any beat within the window can be used to display an isopotential map. In addition to the activation sequence and potentials, other information derived from these data (e.g., R-R intervals) can be rapidly computed and displayed.
Recording the Electrograms Three arrays of electrodes are used. Each electrode consists of two poles, 1 or 1.5 mm apart, so that either bipolar or unipolar recordings can be made. The examples in this paper were all obtained from unipolar recordings.
The first array consists of 27 electrodes distributed over the entire ventricular epicardium to obtain general information about the epicardial activation sequence. Twenty-five of the electrodes are fastened to a flexible nylon mesh sock that is described elsewhere.5 The sock is contoured to fit the heart and can be slipped over the ventricles and positioned in a matter of seconds. The two remaining electrodes are sutured directly onto the epicardium. These two electrodes remain on the heart after the sock is removed and serve as reference electrodes for the other electrode arrays.
The 25 electrodes of the second array form a 3-cmsquare grid fastened to a mesh sock. The electrodes are approximately 7.5 mm apart and arranged in five rows of five electrodes each. The grid is used to obtain more detailed information about the activation sequence within a localized region of the epicardium.
The electrodes of the third array are mounted within five 21-gauge needles, each of which contains 15 electrodes 1 mm apart.8 Generally, recordings from only five of the 15 electrodes, spaced at 3-mm intervals, are made at one time. The needles are inserted through the ventricular wall to obtain data about the transmural activation sequence within a region of the ventricle.
The potentials from any of the three arrays of electrodes are amplified and recorded on a 32 channel FM analog tape recorder (Ampex PR 2200). The gains of the amplifiers are calibrated by a standard 10-mv signal applied to the input of all the amplifiers. The output of the amplifiers during calibration is recorded on the tape recorder.
In addition to the 25 array electrodes and the two reference electrodes, five other signals are also recorded: two electrocardiographic limb leads, a time code, a voice log, and an uncommitted channel. The time code is displayed on the front of the tape recorder and allows the operator to locate quickly a desired event on the tape. The voice log serves as an oral record of the operative procedure and is supplemented by a written log. The uncommitted channel can be used to record from an intracavitary lead, a His bundle lead, a third reference electrode, or a hand-held probe electrode.
Digitizing the Potentials
Each of the signals passes through its own sampleand-hold amplifier and its own analog-to-digital converter (Zeltex Corporation). The signals can be digitized from the amplifiers while being simultaneously recorded on tape, or they can be digitized later by playing back the tape recorder. The digitization rate is 1000 samples per channel per second, the minimum rate necessary to reproduce most epicardial potentials.9
Digitized signals are multiplexed and stored on a computer disk (Digital Equipment Corporation PDP 11/34 computer). Peak-to-peak noise levels from the electrodes to the digitized data on the disk average 0.5 mV. The disk can hold up to 38.4 seconds of data. During data acquisition, digitized potentials can be written on the disk continuously.'0 Once the disk is filled, the earlier data are overwritten so that the last 38.4 seconds of potentials are always stored on the disk. When a desired but unpredicted event occurs, such as initiation of an arrhythmia by premature stimulation, the operator has 38 seconds to stop the digitization program and save the event on the disk. Alternatively, since all data are recorded on tape, the tape can be replayed to capture the event of interest. Thus, data acquisition need not halt while the computer is analyzing a previous event.
Verifying the Potentials and Activation Times After potentials are digitized and stored on the disk, the next steps are to select the time interval during the 38.4 seconds that contains the event to be mapped and then to display the potentials and activation times for all of the electrodes during the interval so that they can be inspected visually. These displays are presented on the screen of a graphics computer terminal (Tektronix 4014). A hard copy unit attached to this terminal makes a photocopy of the displays on the screen of the terminal. All of the illustrations in this paper were made from such photocopies. The signals from two of the channels together with pacing stimuli are shown for all 38.4 seconds of data stored on the disk. A small portion of this display showing 7 seconds of data is shown in figure 1. From this display, the operator selects the window containing the beats that are to be mapped. A vertical cursor line, which can be positioned on the screen by means of a thumb wheel on the console of the terminal, is used to communicate to the computer the onset and offset of the window (lines A and B in fig. 1 ). The window in figure 1 includes the last three paced beats and the beginning of the ensuing ventricular tachycardia.
To allow the quality of the signals to be inspected, the potentials recorded from all of the leads throughout the window are shown on the terminal. One second of data is shown for five channels at a time so that the potentials can be seen adequately ( fig. 2 ). Since there are 30 data channels, a window 2 seconds long, for example, would require 12 displays similar to the one shown in figure 2. FIGURE 2. Display of 1 second ofpotentials and activation times forfive of the electrodes for the window shown in figure 1 . The vertical bar adjacent to each electrode number on the left side ofthe display represents 10 m V as determinedfrom calibration signals. Activation times selected by the computer are shown as vertical lines.
CIRCULATION
In addition to the potentials, the points on each electrogram which the computer identifies as local activation times are also shown in these displays as vertical lines ( fig. 2 ). For each unipolar electrode, the computer finds all regions within the window (except during a pacing stimulus) in which the potential decreases by at least 5 mV in 2 msec." If two or more regions meeting this criterion are within 50 msec of each other, they are combined into a single region. The time of the largest negative slope within each region is taken as a local activation time for the elec-VOL 59, No 3, MARCH 1979 trode. Thus, successive activation times will be at least 50 msec apart at any electrode site.
Displaying the computer-selected local activation times ( fig. 2 ) allows the operator to detect incorrectly chosen or missing activation times. Infrequently, motion of an electrode on the heart or some other source of noise will cause a sudden shift of electrical potential that the computer algorithm will pick incorrectly as an activation time. This activation can be deleted by entering its electrode number and activation time number (numbered consecutively from the left of the A. figure 1 . The electrode number is on the left side of the display and the activation times for each electrode are shown as short vertical hash marks to the right of the electrode number. The time in milliseconds from the beginning of the window to the local activation is given immediately to the right ofeach hash mark. The long vertical lines are the times ofprogrammed stimulation with the interval in milliseconds from the onset ofthe window given to the right of the upper end of each stimulus line. B) This display is similar to the one in panel A except that the activation times and stimulation times are numbered consecutively. display) at the computer terminal. Conversely, poor electrode contact or slowly conducted, small activation fronts during arrhythmias can occasionally cause small deflections that do not change 5 mV in 2 msec. These missed activations can be added by moving the vertical cursor line to the position of the missing activation and entering the electrode number at the computer terminal. The operator can instruct the computer to insert the missing activation directly at the position of the vertical cursor or to search a region 25 msec on either side of the cursor and insert the activation at the time of fastest downslope in this region.
Displaying the Activation Sequences
All the activation times within the window are displayed as shown in figure 3A . Each activation is represented by a short vertical line with the time of ac-APEX PROCEDURE 0939W4 ACTIVATION TIME MAP BEAT NUMBER I TIME ZERO IS EARLIEST LAT IN BEAT ISOCHRONE INTERVAL * 10 MSEC tivation in milliseconds to the right of the line. If any beats were blocked at any region of the ventricles, or if part of the recording from an electrode is unsatisfactory because of electrode motion or noise, the operator informs the computer which beats are not present at which electrode sites. The computer uses this information to number the activation times for each beat in sequence ( fig. 3B ). Asterisks instead of numerals are used to represent blocked beats at those electrodes to which the beat was not conducted. By sequential numbering, the activation times are grouped for mapping each beat, even if consecutive beats overlap partially in time as shown in figure 4 for an arrhythmia from another heart. Note that during some time intervals in figure 4 , two beats are simultaneously present on the epicardium.
Up to this point, processing of the signals is the same for all three arrays of recording electrodes. The format used to display the activation sequence, however, is different for each array.
The isochronic display for the sock electrode array shows the entire ventricular epicardium in one view ( fig. 5 ) and is similar to that used by Fontaine and coworkers. 2 The epicardium is shown as if the ventricles were flattened after a cut was made posteriorly from crux to apex. Epicardial activation is represented by isochrones. Each isochrone indicates the computerestimated location of the depolarization front at one instant during excitation. Using the computer terminal, the operator can enter the interval desired between successive isochrones.
The approximate location of each electrode on the map is determined as follows. The map is divided into 53 standard regions based on certain landmarks on the ventricular epicardium, such as the interventricular 12 grooves. After identifying these landmarks on the heart, the operator enters into the computer terminal the number of the standard region that contains each sock electrode. Based on the display shown in figure  3B , the numbers of the beats to be mapped are entered A. into the computer terminal. Isochronic maps are then displayed with each electrode located near the centroid of its standard region. The isochrones are drawn based on the algorithm of Davidow and Brown."3 The time of local activation in milliseconds is given at each electrode site for the mapped beat ( fig. 5 ). If a blocked beat is not conducted to a particular electrode, an asterisk is shown at that electrode site and no isochrones are drawn in the region around the electrode. Since recordings from the three arrays of electrodes are made one array at a time, one or more signals from leads that are common to all three arrays are needed to align the separate recordings in time and to determine if the sequence of beats for each recording is similar. The leads common to all three electrode arrays are the reference electrodes sutured to the ventricular epicardium, the electrocardiographic limb leads, and a cavity electrode or a His bundle electrode when present. The computer can time activation times at each electrode on the map with respect to any of these common leads. Activations can also be timed with respect to the onset of the window, a pacing After the general map (derived from the sock array) has identified a region of myocardium that may contain tissue necessary for the initiation or maintenance of an arrhythmia (e.g., the region encompassing the sites of epicardial breakthrough in figure 5 ), the grid array of electrodes is placed to map the epicardium of the region in greater detail. An isochronic map based on recordings from the grid electrode array during ventricular tachycardia is shown in figure 6A for the same heart used in figures 1-3 and 5. The location of the grid array is outlined on the epicardium in figure  6B . The location of the infarct, which was determined by dissection of the heart at the conclusion of the experiment, is also shown.
While activation recorded by the sock and grid electrode arrays takes place on the epicardial surface, the activation sequence measured by the array of intramural plunge electrodes takes place in a threedimensional space, the ventricular wall. Activation times for the plunge electrodes are displayed on the computer terminal ( fig. 7) . The time of activation for each electrode is displayed to the right of the needles.
To further indicate the sequence of activation, the numbers appear on the terminal screen in the same order that the corresponding electrodes registered activation, but 100 times slower than real-time because activation within this space may take as little as 20 msec. For example, in figure 7, the activation time of the most epicardial electrode of needle 4 appeared on PROCEDURE *9392G ACTIVATION TIMES BEAT NUMER I FIGURE 7. Activation times recorded from intramural multielectrode needles during ventricular tachycardiafor the same heart shown in figures 5 and 6. The epicardialpoints of insertion of the needles are shown in figure 6B . Each needle is identified by a number on the epicardium infigures 6B and 7. For each needle, potentials were recorded from five electrodes spaced 3 mm apart. The four outside needles are approximately 1.5 cm from the center needle. The numbers to the right of each needle give the time of activation in milliseconds at each electrode location. No numbers are shown for two of the electrodes. These electrodes were within the left ventricular cavity and did not record activation. the terminal 2.1 seconds after the activation time for the most endocardial electrode of needle 4.
Displaying Isopotential Maps
Isopotential maps can also be quickly displayed for either the sock ( fig. 8 ) or the grid electrode array. Each isopotential map shows the distribution of potentials over the mapped portion of the epicardium for a single instant in time. The location of the activation front (i.e., the isochrones) at that instant is also shown. Since each map shows the potential distribution at one point in time, several sequential isopotential maps are necessary to display the changing patterns of epicardial potentials during a single cardiac cycle. From the terminal, the operator enters the time interval to be mapped (usually an entire cycle) and the number of milliseconds between maps. The computer then automatically displays and photocopies each map in sequence throughout the interval.
Two abnormalities produced in isopotential maps by infarcts are shown in figure 8 . Figure 8A shows the potential distribution early in a normal sinus complex shortly after the activation front (labeled I) has broken through onto the epicardium of the right ventricular free wall. Spach and co-workers14 have demonstrated that at this point in the QRS for the normal dog heart, the entire anteroapical epicardial surface of the left ventricular free wall should exhibit positive potentials. However, the heart shown in figure  8A shows negative potentials over much of the infarcted region. Whereas the more familiar temporal display of an electrogram shows the change in potential over time at a single point in space, the isopotential map shows the change in potential over space at a single point in time. Therefore, the area of negative potential over the anteroapical left ventricular free wall shown in figure 8A represents the spatial distribution of Q waves seen in the electrograms from this region. Similarly, the positive potentials seen in this same area late in the QRS (fig. 8B ) represent the spatial distribution of delayed R waves over a region of subendocardial infarction.'5 Also, the superimposed activation fronts demonstrate abnormally late depolarization of this region'6 17 (labeled III) along with the termination of normal epicardial depolarization at the lateral base of the left ventricular free wall (labeled II).
Time Required to Process and Display Data
The amount of time between digitizing the potentials and displaying the activation maps depends upon the number of complexes in the window and the quality of the recorded potentials. The time required to pick the window ( fig. 1 ) and display the potentials and activation times within the window (fig. 2 ) can be as short as 5 minutes for a single beat or as long as 20 minutes for a series of eight beats with recorded potentials of suboptimal quality that requires operator intervention. figure 4 . The heart contains a 1-month-old infarct whose location is indicated by stippling. The time instant mapped is shown by the vertical line superimposed on the limb lead QRS complex shown in the lower right-hand corner of the display. The numbers indicate the potential in millivolts recorded at each electrode location. The lines of equipotential are dashed for negative potentials, dasheddotted for zero potential, and light solidfor positive potentials. The equipotential lines are spaced at 5 mV intervals. The heavy solid lines labeled I, II and III show the location of the activation front (isochrone) at the mapped instant of the QRS. In panel A, note the abnormal negative potentials (Q waves) over the subendocardial infarct early in the QRS. In It takes about 2 minutes to display activation times and to pick the intervals to be mapped as isochronic maps ( fig. 3 ). To display and photocopy isochronic maps takes from 2 minutes for one complex to 5 minutes for eight complexes. Isopotential maps for a single cycle can take 5-10 minutes depending on the number of maps drawn.
Thus, the time from digitizing the potentials to displaying the isochronic maps ranges from less than 10 minutes for a single beat to more than 20 minutes for a series of eight beats.
Discussion Computers have been used for more than a decade to study cardiac electrical activity during sinus and paced beats. Several groups of investigators'4' [18] [19] [20] [21] [22] [23] have used computers to construct maps of the potential distributions on the body surface, and Spach and co-workers'4, 20 have displayed epicardial and intra-myocardial isopotential and isochrone distributions using a computer. Laboratory computers have also been used to acquire or display cardiac potentials in the study of arrhythmias.24' 26 Therefore, the computer techniques we are using have been known for several years, but using these techniques as a method to display activation rapidly during the intraoperative study of arrhythmias is new.
Several features of the method are particularly useful for the study of arrhythmias. These features include recording all data on a high capacity, long-term storage device that is independent of the computer, processing several consecutive beats simultaneously, and sequentially numbering activations at electrode sites. The analog tape recorder can record all 32 channels of data continuously for over 3 hours on a single tape and runs independently from the computer. retained for later study. Neither of these objectives could be accomplished if the data were recorded on the computer disk only, which has a much more limited capacity than the tape. In the animal laboratory, the tape recorder allows study of spontaneous arrhythmias that can occur unpredictably and repeatedly over several hours, for example, spontaneous arrhythmias after ligation of a coronary artery or after administration of drugs. Processing consecutive beats as a unit and numbering activations sequentially allow recognition of macroreentry, determination of beat-to-beat variation in cycle length, and mapping of coexistent beats. Coexistent beats, in which activation fronts from two successive beats are present simultaneously, can occur during the initiation of ventricular fibrillation.26 Precise knowledge of the sequence of activation through the walls of both ventricles would identify sites responsible for initiating and maintaining an arrhythmia. However, introducing many closely spaced plunge electrodes throughout the heart to obtain a detailed picture of transmural activation has several disadvantages. The speed with which the activation sequences are displayed would be slow because much time would be required to inspect visually so many computer-processed potentials and electrode activation times. The numerous transmural needles would increase the risk of morbidity. The electronic and computer hardware needed to process so many simultaneously acquired electrode recordings would be expensive. In addition, detailed information about transmural activation for determining the site of operative intervention may only be necessary at certain key regions of the myocardium.
For these reasons, instead of using many plunge electrodes we use three different arrays of 25 or 27 electrodes. The first array supplies a general picture of epicardial activation while the other two arrays furnish increasingly detailed information about the electrical activity of progressively smaller regions of myocardium. Therefore, only a few plunge electrodes are introduced into a few small regions of the heart.
The isochronic map determined from the array of sock electrodes is used to predict regions of myocardium that may be crucial for initiating and sustaining the arrhythmia. These key regions encompass the sites of earliest epicardial activation during the arrhythmia, and may also include sites of delayed epicardial activation during normal sinus rhythm and sites of greatly slowed conduction after premature stimulation. Although these sites are frequently within a few centimeters of each other in the region of infarction, Fontaine and co-workers27 have reported that these sites can be widely separated.
Once a key region has been identified using the sock electrodes, the grid electrodes will be used to map epicardial activation of the region in greater detail. On the basis of the isochronic map determined from the grid electrodes, plunge electrodes will be inserted to record transmural electrical activity in this key region.
In some cases, the site of a reentrant pathway28 or an ectopic focus29 that is responsible for the arrhythmia may not be directly underneath the location of earliest epicardial activation during the arrhythmia. This could occur when the responsible site is in the center of an infarct while epicardial breakthrough is at the infarct border,' or when the responsible site is in the septum.30 Such cases may require inserting more than one array of plunge electrodes to trace activation backwards in time through the free wall or septum to the region of earliest electrical activity. A disadvantage of recording from different arrays of electrodes in sequence is that the arrhythmia must usually be reinduced for each array by programmed premature stimulation. The use of sequential recordings from different electrode arrays to locate an arrhythmogenic region assumes that the repeatedly induced arrhythmias all arise from the same region and all exhibit the same sequences of activation. Thus, the application of this method is now limited to those cases in which induced bouts of arrhythmia arise from one or, if both types of arrhythmias can be induced a number of times, two regions. Therefore, patients who have arrhythmias that are multifocal or that cannot be reinduced for a few cycles at least three times in the clinical electrophysiology laboratory are not candidates for surgical treatment using the computerized mapping method with only 27 electrodes. Most patients, however, appear to have arrhythmias that can be mapped. Using endocardial mapping techniques, Josephson et al.31 were 'able to induce repeatedly a single type of ventricular tachycardia in 13 of 17 patients, while the other four had two morphologies.
If we increase the number of electrodes recorded simultaneously, the electrodes in the sock array will be closer together, and it may be possible to eliminate the grid array and so decrease the number of times the arrhythmia would have to be induced. The spacing between sock electrodes required to eliminate the grid array depends upon the characteristics of the epicardial activation fronts, the distance from the arrhythmogenic region to the site of earliest epicardial breakthrough, the size of the reentrant pathway, and the amount of tissue to be ablated. Alternatively, more electrodes may be needed to make the grid array larger or to decrease the space between its electrodes, not to eliminate it. For example, figure 6A furnishes evidence that the grid array is too small because it was not large enough to cover all sites of early activation. Two of the three early activation fronts came in from the side of the grid.
The computerized method can map normal sinus rhythm or stable, long lasting arrhythmias that can also be mapped by the hand-held electrode. For these cases, the computer can process the data and display an activation map in about the same time it would take to record the potentials with the hand-held probe. In addition, the computerized method can map shortlived arrhythmias that cannot be recorded with the hand-held probe electrode. Short-lived arrhythmias can be mapped without a computer by recording from a sock array onto tape, making strip chart recordings 457 CIRCULATION from the tape, manually measuring activation times, and drawing activation maps by hand. To map a single beat using this procedure, however, requires 30-45 minutes. Thus, a computerized method such as ours is necessary to interpret short-lived arrhythmias rapidly.
